INTRODUCTION
bination, replication, and repair of DNA damage. Over the last 20 years, the rapid development of techniques such as Specific interactions between proteins and nucleic acids X-ray crystallography, circular dichroism, and nuclear magare of fundamental importance in the management of cell netic resonance has resulted in an increasingly refined picgrowth and behavior. Analysis of these interactions is essenture of the biochemical rules governing protein-DNA and tial to understanding a multitude of elementary processes, protein-RNA interactions. Used in concert, these techniques from the control of gene expression to site-specific recom-contribute complementary information to the description of the overall architecture of a protein-nucleic acid complex.
The use of these methods, however, requires significant tion. Additional information can be obtained by using less technically demanding methods. Footprinting techniques reveal the location of a protein-binding site on DNA and the structural consequences of protein binding, at single-basepair resolution, through the pattern of protection afforded by bound protein to a battery of enzymatic and chemical probes (100) .
The purpose of this review is to provide an overview of another method, technically the simplest and perhaps the most widely used, for investigating protein-nucleic acid interactions, the gel retardation or band shift assay. The technique has its origins in early work on rRNA-protein interactions (29, 132) , but its widespread use dates from its development for studies on transcriptional regulation in bacteria (41, 47) . It is based on the observation that binding of a protein to DNA fragments usually leads to a reduction in the electrophoretic mobility of the fragment in nondenaturing polyacrylamide or agarose gels. The assay typically involves the addition of protein to linear double-stranded DNA fragments, separation of complexed and naked DNA by gel electrophoresis, and visualization either by autoradiography, when labeled DNA is used, or by staining with ethidium bromide. The widespread use of the technique is due not only to its ease of execution but also to its requirement for very small quantities of material (in the subpicomole range), its particular suitability to studies of simultaneous binding of several proteins to a single nucleic acid molecule, and the amount of detailed information it can provide. Probably because the early reports explored the thermodynamic and kinetic parameters of protein-DNA interactions, using purified components and carefully established experimental conditions, it was not immediately realized that the technique could be exploited for detecting and identifying DNA-binding proteins in less well-defined systems, including crude extracts, and for analyzing protein-RNA interactions.
In this review we give an account of the physical basis of electrophoretic mobility shifts and survey the types of application in which the technique has been found useful. We have included only an elementary account of the derivation of equilibrium and kinetic parameters. More detailed treatments of this topic may be found in recent articles by Fried (40) and Senear and Brenowitz (130) . HOW 
DNA MIGRATES IN GELS
The effects of conformation on the electrophoretic properties of DNA are important for understanding many aspects of the behavior of protein-DNA complexes in gels. We shall therefore begin by giving a brief and simplified account of the characteristics of electrophoretic migration of DNA itself.
Migration of DNA in polyacrylamide gels can be described where v is the migration velocity, Q is the effective charge, E is the electric field, L is the contour length, f is the frictional coefficient, and h is the end-to-end distance of the DNA molecule (90) . Migration of relatively small linear DNA molecules (in the kilobase range) in agarose and polyacrylamide gels is thought to occur in a wormlike fashion known as reptation (30, 31, 89, 90) . Direct visualization of very long molecules (in the 100-kb range) in agarose gels generally supports this model while suggesting that the formation of large "hook" conformations is also an important determinant in impeding migration (21) .
Although empirically it is well established that linear DNA molecules migrate as a monotonic function of their length, several notable exceptions have been described for migration in polyacrylamide gels. The earliest example analyzed was that of a 490-bp fragment isolated from a trypanosome kinetoplast (k-DNA [92] ) which migrates according to its actual length on 1% agarose gels but migrates with an apparent length of 1,380 bp on 12% polyacrylamide gels. Biophysical and electron-microscopic studies of this and other similar fragments indicated that the molecules assume a curved structure (53, 54, 92) . An example of the relative migration rates of curved and uncurved DNAs of similar length is shown in Fig. 1 . As with k-DNA the curved fragment migrates normally in agarose but is highly retarded in a polyacrylamide gel.
Further analysis demonstrated that curvature is usually due to the cumulative effect of periodically spaced runs of A residues, each contributing a bend component (Fig. 2a) (55, 153) . The magnitude of the resulting mobility change appears to be determined mainly by the average distance between the ends of the molecule such that a reduction in this distance, by curvature, impedes reptation of the DNA molecule through the gel matrix (153) . Similar changes in gel mobility can result from single-base substitutions, deletions, and insertions, which lead to loss of duplex structure (103) or the formation of bulge-bend structures (9, 117) .
Aberrant migration or retardation has been expressed as either relative mobility (i.e., observed distance migrated divided by expected distance, XJXe) or its reciprocal (Xe/ Xe, k value). We shall use relative mobility, designated RL in several articles, throughout. Aberrant migration is governed by several factors, all of which are expected to affect the end-to-end distance.
(i) The angle of curvature is determined by the number and magnitude of individual sequence-directed bends (Fig. 2a) .
Its effect can be visualized by a simple cylinder representation of the type shown in Fig. 2b Although increasing the overall curvature leads to a progressive reduction in relative mobility (RL), the extent of retardation eventually approaches a limit. Koo and Crothers (77) showed that, as the number of A6 tracts increases to six, the relative mobility declines as a quadratic function of curvature to reach a minimum at a bend angle of about 1200: additional A tracts have little further effect on mobility. The finding that relative mobility does not change significantly for angles greater than about 1200 suggests that different forces determine the migration of DNAs with low and high curvature. Zinkel and Crothers (160) noted that this transition corresponds to a reorientation of the long axis of the molecule (Fig. 2c) and proposed that it brings about a change from reptation to a "gel ifitration" mode of migration, which separates simply according to size.
(ii) Aberrant migration is more marked the closer the bend is to the middle of the molecule, where it would generate the smallest end-to-end distance (153) . This position effect, shown in Fig. 3a (iii) Altering the spacing of A tracts was shown to influence relative mobility (78) . The greatest reduction in relative mobility was found to occur when the A-tract sequence repeats and DNA helix repeats were in phase. Under these conditions, sequence-directed conformational changes occur in the same direction and would yield a planar molecule with a minimal end-to-end distance (Fig. 4, As might be expected on theoretical grounds, the magnitude of the conformation-induced migration effect increases with increasing gel concentration (i.e., decreased pore size and hence increased frictional coefficient [92] ) and decreasing temperature (32, 33) . It can also be enhanced by the addition of Mg2e (32) and other divalent metal cations (e.g., Ba2+ [84] ) and can be reduced or eliminated by several low-molecular-weight DNA-binding ligands (e.g., distamycin [153] and ditercalinium [7] ).
Many proteins induce conformation changes of the same kind as those caused by sequence elements described above, with similar consequences for relative gel mobility.
RETENTION OF NUCLEIC ACID MOLECULES BY PROTEINS
Detection of protein-DNA complexes within a gel depends critically on two factors: the resolution of complexes from uncomplexed nucleic acid and the stability of complexes within the gel matrix. In addition, the significance of detect-
Resolution of Complexes
The properties of a protein-nucleic acid complex which alter its migration relative to that of the naked nucleic acid are the ratio of mass of protein to that of nucleic acid, the alteration of charge, and changes in DNA conformation. It is often difficult to evaluate the individual contributions of these components. External factors such as the composition of the gel matrix and the temperature of electrophoresis also influence the separation of naked and complexed DNA fragments.
Effect of mass. The mass of DNA fragments used in gel retardation experiments (60 to 500 bp; 40 to 330 kDa) is of the same order as that of typical DNA-binding proteins (10 to 100 kDa). The increased mass of a DNA fragment resulting from binding of a protein would, on its own, be expected to decrease relative mobility. In early studies of Lac repressor binding to a fragment containing the operator, it was observed that the relative mobilities of the retarded bands obtained by specific and nonspecific binding were those expected on the basis of successive addition of molecules having the molecular weight of the Lac repressor tetramer (40, 41) (Fig. 5a ). In this case, since the Lac repressor does not induce an appreciable bend on binding (153, 162) , the conformational contribution (see the sections on conformation effects and analysis of conformation, below) to the decrease in relative mobility is small. Furthermore, this relationship between relative mobilities and bound Lac repressor was maintained even when the fragment was complexed with a second protein species (in this case the catabolite activator protein [CAP]) (5, 40) .
The influence of protein mass on relative mobility is also apparent from the behavior of sets of truncated proteins and is unaffected by protein-induced conformational changes as long as the DNA-binding properties of the set are unaltered. The relative mobility of complexes between the truncated proteins and their cognate binding sites decreases with increasing protein size (mass) as illustrated by the Saccharomyces cerevisiae transcriptional regulator protein GCN4 (65) and the phage Mu transposase (12) (Fig. 5b) .
Whereas increasing protein mass results in a reduction in relative mobility, an increase in the mass of the DNA component tends to have the opposite effect. For example, for Lac repressor binding to operator DNA fragments of between 80 and 500 bp, the RL value increases from 0.5 to 0.68 (40) .
These results indicate that it is the ratio of protein and nucleic acid masses rather than their absolute mass which is important in the resolution of complexed from naked nucleic acid.
Interestingly, several authors have noted that protein binding can sometimes provoke an acceleration in mobility. This has been observed for the migration in agarose gels of relatively large linear DNA fragments complexed with a DNA-binding protein from the hyperthermophilic bacterium Methanotherinus fervidus, where it was shown to result from protein-induced DNA condensation (123) . Similar behavior is also observed on binding of the nonhistone proteins HMG14 and HMG17 (122) . Moreover, acceleration, presumably due to protein-induced condensation, is frequently encountered in studies of protein binding to supercoiled DNA (79, 161; (Fig. 3) . Conformational changes can therefore play a major role in resolution of complexes from naked DNA. In view of the importance of these conformational changes in generating specific threedimensional protein-DNA structures necessary for a variety of biological processes, we examine these effects in detail later (see the section on analysis of conformation).
Gel concentration and composition. In general, optimum resolution is obtained at the smallest average pore diameter compatible with migration of the naked nucleic acid through the gel, and therefore polyacrylamide gels usually offer the best conditions for resolving complexes (40 (96) or on bent structures such as CAP-Lac operator complexes. Typically, 4 to 5% polyacrylamide is used for complexes formed with DNA fragments of a few hundred base pairs and 10 to 20% polyacrylamide is used for oligonucleotides or small RNAs. As expected from these considerations, the separation of protein-DNA complexes from naked DNA increases with polyacrylamide concentration. For example, Prentki et al. (111) found that the RL of Escherichia coli integration host factor (IHF)-DNA complexes varied linearly with the gel concentration in the range of 4 to 15% polyacrylamide.
In contrast, agarose gels, whose average pore diameters are in the range of 700 to 7,000 A (70 to 700 nm) (131), do not resolve DNA on the basis of conformational changes ( Fig. 1 ) and are less effective unless the relative mass of protein is large (but see reference 22). For example, CAP-Lac operator complexes which are bent and strongly retarded in 4% polyacrylamide gels are barely resolved from the naked operator fragment in 1% agarose, whereas a complex of the same DNA fragment with RNA polymerase (480 kDa) shows a strong reduction in relative mobility (115) . Nevertheless, agarose gels have been used for analysis of larger DNA fragments (>1 kb) (11) as well as for protein-RNA complexes (6) . Even for molecules of less than 1 kb, agarose gels may be satisfactory provided loss of resolution can be tolerated (38) .
Complex Stability within the Gel Gel matrix. Early studies (41, 47) showed that protein-DNA complexes appear more stable during electrophoresis than indicated by their kinetic stability in free solution. This was interpreted to indicate a specific gel stabilization effect termed "caging" (41) , in which the gel matrix impedes diffusion of dissociated components. The effect of this would be to maintain the concentrations of protein, DNA, and complex at levels at least as high as those in the original equilibrium binding reaction.
There has been some disagreement as to whether the gel matrix influences the dissociation constant. The finding of reduced transfer of Lac repressor from a preformed complex to a naked operator fragment within the gel (41) provided support for a gel-mediated change in dissociation constant. This interpretation was, however, compromised by the large reduction in salt concentration experienced by the complexes on entering the gel (from 40 to 0 mM), which may have increased complex stability (see the section on electrophoresis buffer composition, below). Indeed, measurements of the CAP-lac promoter dissociation constant (116) , in which identical salt concentrations were used in solution and in the gel, failed to reveal changes in binding constant.
A detailed model has recently been proposed which can account for the apparent increase in kinetic stability without the necessity of invoking gel-induced changes in dissociation constants. In this model, dissociation of a complex is postulated to occur in a two-step manner. The first step involves a reversible dissociation in which the DNA and protein components remain trapped within the same microscopic "cell" of the gel, and the second involves an irreversible macroscopic dissociation when the protein component escapes from the cell (23 (41) .
One illustration of electrophoresis buffer-dependent stability is the case of complexes formed between phage Mu repressor and its operators. Specific complexes cannot be detected by using the standard TBE buffer but are readily detected by using Tris glycine (50 mM Tris-glycine [pH 9.4]) (2) .
Buffer components, such as salts of divalent ions (139), dithiothreitol, and polyamines such as spermine (134) , may also contribute to stability of certain complexes.
Cofactors. For certain proteins, complex formation and stability may require the inclusion of specific cofactors both in the initial binding reaction and in the gel buffer. This is illustrated by proteins such as CAP and the arginine (ArgR) and tryptophan (TrpR) repressors, which depend on cyclic AMP (cAMP), arginine, and tryptophan, respectively, for efficient site-specific binding (24, 39, 138) .
Elimination of nonspecific binding. All nucleic acid-binding proteins that recognize specific sites exhibit some degree of nonspecific affinity. Nonspecific binding can confuse the interpretation of gel retardation studies by provoking smearing of the retarded band or by generating multiple bands.
Discrimination can be enhanced in several ways. Addition of salt to the binding mixture can increase selectivity by disrupting nonspecific ionic bonds while leaving other, more specific, types of interaction unimpaired. A more general approach is to add excess "nonspecific" competitor nucleic acid. Although bulk chromosomal DNA from E. coli, salmon sperm, or calf thymus is often used, the possibility that these carry specific binding sites has led to the use of synthetic copolymers such as dA-dT and dI-dC or the polysulfated carbohydrate heparin (see, for example, reference 26). The amounts added to the reactions must be determined empirically since excess competitor may sequester sufficient protein to eliminate specific complex formation. It should be noted that kinetic data have shown that competitor nucleic acid may act not merely as a sink for spontaneously liberated protein but also as an active inducer of complex dissociation, presumably by transitory formation of unstable ternary complexes with the competitor DNA (42, 44).
APPLICATIONS
Characterization of Complex Formation Binding constants. One of the earliest applications of gel retardation was the measurement of kinetic and thermodynamic parameters, in particular association, dissociation, and equilibrium-binding constants of protein-DNA interactions. Association rates are determined by mixing reactants of known concentration and adding samples at intervals to a running gel, whereas for dissociation rates the time course is begun by addition of competitor nucleic acid to preformed complexes. Binding constants can be determined by measuring the amount of complex formed either as a function of protein concentration at equilibrium or as the ratio of the association and dissociation constants. After electrophoresis, the concentrations of reaction products are measured by densitometry of the stained or autoradiographed gel or by direct measurement of radioactivity in the bands. The validity of equilibrium-binding constants calculated from such data depends critically on knowledge of the proportion of active protein in the initial preparation (see, for example, reference 42). The association rate for a bimolecular reaction, ka, is the slope of
versus time. The dissociation rate for a first-order reaction, kd, is the slope of -ln PN/PNO versus time. P, N, and PN are molar concentrations of protein, nucleic acid, and complex, respectively, and PNo is complex concentration at time zero.
The equilibrium constant, K can be derived either as the ratio kalkd or measured directly as the concentration of protein at which half of the target nucleic acid is complexed at equilibrium.
Whereas standard gel retardation is suitable for measuring dissociation constants of relatively stable complexes (subnanomolar range), quantitation of complexes of low stability is more problematic. A modified gel procedure, zone interference electrophoresis, has been applied to the study of interactions of the translational elongation factor, EFTu.GTP, with tRNA, which exhibits a dissociation constant in the range of 10-6 to 10-4 M (1). EF-Tu.GTP was coelectrophoresed with increasing concentrations of tRNA in a gel which allowed sufficient diffusion to maintain equilibriumbinding conditions throughout the run. Migration of EFTu.GTP was accelerated on interaction with the tRNA, and the distance migrated (determined by staining of the protein with Coomassie blue) was a function of the time spent as complex and hence of tRNA concentration. A Scatchardlike plot of the distance migrated by the complex as a function of the tRNA concentration provided a measure of the dissociation constant.
Cooperativity. Biological processes often involve the binding of several proteins to a short DNA segment. One feature of such multiprotein complexes is that the protein components frequently bind in a cooperative manner. This may be the consequence of direct protein-protein interactions at neighboring sites or may result from protein-induced deformations of the DNA backbone which either facilitate adjacent binding of a second protein or bring together molecules bound at separated sites (see the section on loops and sandwiches, below).
In general, cooperativity in the gel retardation assay can be inferred from the underrepresentation of complexes intermediate between the unbound and fully saturated states. This arises by their conversion into the fully saturated state within a smaller protein concentration range than would be expected on the basis of successive, independent filling of the binding sites (130) .
Multiprotein complexes can be composed of a single protein species or of several different proteins. Situations which involve different proteins binding to distinct sequences are more directly amenable to analysis by gel retardation because the stability of complexes with one protein, in the presence or absence of the other, can be assessed by the sensitivity of complexes to specific competitor DNA (140) Fig. 6 . The additional band presumably represents a complex containing a single molecule of each protein species and strongly suggests that GCN4 normally binds as a dimer (66) . Similarly, the appearance of three extra bands upon binding by a mixture of wild-type phage P22 Arc repressor and a longer repressor derivative suggested that this protein binds as a tetramer (17) . An extension of this approach is to use monoclonal antibody Fab fragments specific for epitopes of the DNA-binding protein which are accessible in the complex. Addition of these to the preformed complexes can result in an additional retardation. The number of increments in retardation can provide an estimate of the number of protein monomers bound (98) .
Apart from such specific cases, determination of absolute stoichiometry requires precise measurement of the molar ratios of protein and DNA in a given complex. This is generally accomplished by labeling protein and DNA to known specific activities with different isotopes and measuring the ratio of isotopes in a given band (39, 48, 58 Nuclease attack of preformed complexes before gel separation has also been used in certain cases (115, 135) . The approach suffers from the drawback that exchange of protein molecules between alternative binding sites on the DNA fragment could occur in the time between treatment and separation on the gel by "microdissociation" or sliding (see the sections on cooperativity, above, and sliding and protein redistribution, below). This would "average" protection over all sites located on the fragment. The severity of this effect depends critically on the strength of the particular protein-DNA interactions and the time required for the complex to enter the gel. A relatively new method which may overcome these problems is UV-laser cross-linking of the protein to its site before electrophoresis (62) . It has been applied with some success in the analysis of CAP and RNA polymerase interactions with the lac promoter (20) .
An alternative approach is direct footprinting within the gel, using 1,10-phenanthroline-copper ion, an effective in situ footprinting reagent because of its small size and the ease with which it penetrates the gel matrix (83 (14, 52, 94, 109, 144, 148) . Starting with a population of double-stranded oligonucleotides carrying random variations within the binding site, rare molecules recognized by the protein are recovered by gel retardation and amplified by the polymerase chain reaction. In principle, sequencing this population to determine the base frequency at each position could generate the consensus binding sequence (50) . In most cases, however, the authors have first fractionated the molecules by cloning and then characterized them individually.
Nucleic acid sequence requirements for protein binding can also be assessed by using double-stranded oligonucleotides with various sequence differences as competitors in the binding reaction. Examples of this approach are presented in the following two sections.
An elegant technique for investigating the more subtle influence of flanking DNA and for defining a minimum size of a protein-binding site has been developed by Liu-Johnson et al. (85) with CAP-DNA interactions as a model. Partial primer extension was carried out on complementary DNA strands containing a CAP-binding site to generate two populations of double-stranded oligonucleotides in which members differed in length by 1 bp. Each population was subjected to gel retardation in the presence of CAP. The complexes were isolated, and the length distribution of the complexed DNA was determined by electrophoresis on a denaturing gel (Fig. 7) . This indicated that a 28-to 30-bp region, the "thermodynamically defined" binding site which extends approximately 15 bp on either side of the center of dyad symmetry of the consensus site, is necessary for strong protein retention. Such an approach should be applicable to analysis of other protein-binding sites.
Non-sequence-specific DNA binding. The protein-DNA complexes mentioned so far to illustrate gel retardation analysis have been characterized by highly sequence-specific interactions. Many proteins show limited or no sequence specificity in binding. Nonspecific binding can, however, give rise to defined retarded bands under certain conditions, enabling the method to be extended to the analysis of this type of interaction. Examples of such protein-DNA interactions are found with CAP, the small prokaryotic "histonelike" proteins (IHF, HU, and TE1), proteins involved in nucleosome assembly, and the E. coli RecA protein which catalyzes homologous recombination.
Nonspecific binding of CAP has been studied either by omitting the required binding cofactor, cAMP, or by presenting the protein with a DNA target which lacks specific binding sites. The first approach results in the appearance of discrete bands which do not appear to exhibit the characteristic CAP-induced bend (68) (see the section on analysis of conformation, below). In the second case, CAP binding is highly cooperative (see the section on cooperativity, above) and results in the appearance of very low mobility species which hardly enter a polyacrylamide gel (42) . Some of the closely related prokaryotic histonelike proteins, such as IHF and TFl, bind with relatively high specificity, whereas others, such as HU, bind DNA with no apparent sequence specificity. It has recently been shown, by using small double-stranded oligonucleotides, that HU can generate defined retarded bands (16) whose number depends on the size of the target DNA (at least up to 42 bp). A systematic study of the binding of these proteins (125) shows that defined retarded bands can be observed in all three cases and suggests that the proteins may bend the target DNA in a similar manner (see the section on sliding and protein redistribution, below). 
Downloaded from
Retardation studies have revealed that sequence-independent loading of core DNA with histones H2A and H2B results in the appearance of five defined retarded bands, corresponding to the successive binding of protein dimers (3) . Moreover, binding of histone Hi to larger DNA fragments, like nonspecific binding of CAP, is highly cooperative and gives rise to complexes which do not enter the gel, although small amounts of high-mobility complexes can be observed. These correspond to successive loading of DNA fragments with histone Hi monomers (71a). The RecA protein binds to single-or double-stranded DNA. Binding can be monitored on agarose gels through the disappearance of the naked DNA band to form a heterogeneous mixture of retarded complexes (88, 136) . In this case, individual complexes can be visualized as a more compact band by prior fixation of the complexes with glutaraldehyde (136) .
With these examples in mind, it is clear that although gel retardation is useful in exploring non-sequence-specific DNA binding, in general the conditions required depend on the particular proteins involved.
Mismatches, four-way junctions, and single-stranded DNA and RNA. Specific interaction of a protein with a nucleic acid molecule can result from recognition of structural motifs rather than nucleotide sequence and can also occur with single-stranded nucleic acids. Such motifs include bends, distortions of the DNA helix introduced by mismatches, hairpins, and four-way DNA junctions such as Holliday structures (63). Although secondary structure plays an important role in determining the migration properties of the naked nucleic acid molecule, gel retardation can nevertheless be effectively exploited in exploring these types of interaction.
For example, binding of the E. coli H-NS protein was investigated by using band shift assays involving competition between double-stranded oligonucleotides with and without A-tract-directed bends. The protein was shown to exhibit a strong preference for bent DNA (154) .
A second example, which has permitted evaluation of the contribution of structural parameters that can influence binding, is the methyl-directed mismatch repair system of E. coli. This system recognizes and corrects both dG/dT and dA/dC mismatches at comparable efficiencies in vivo. Gel retardation demonstrated that a mismatch recognition protein, MutS, is capable of generating specific complexes with short double-stranded oligonucleotides carrying either the dG/dT or dA/dC mismatches. Moreover, oligonucleotide competition was used to determine a hierarchy of binding affinities for different combinations of mismatches. The use of oligonucleotides containing base analogs coupled with variation in the pH of the binding reaction allowed specific proposals as to the nature of the structural change which might be recognized (70) . Confirmation of the molecular basis of these interactions at this level, however, requires additional and more powerful approaches such as nuclear magnetic resonance analysis.
Many proteins exhibit preferences for single-stranded DNA or RNA and show sequence or secondary structure specificity. As with double-stranded DNA targets, gel retardation can provide an effective means of analyzing and defining important recognition determinants and, moreover, of distinguishing between structural and sequence components.
Its use in this context is illustrated by the following examples. (i) For single-stranded DNA, a specific nuclear protein, H16, from cultured monkey cells was inferred to bind in a sequence-specific manner in the control region of the late coding strand of simian virus 40 (45) , since the sequence of the bound single strand showed no obvious potential for the formation of secondary structure and no complexes could be detected by gel retardation with the corresponding RNA, complementary single-stranded DNA or double-stranded DNA (44) .
(ii) A striking example of structural recognition is that found with Holliday junctions. These structures are intermediates in homologous recombination (63) , in which two duplex DNA molecules are linked at a single crossover point. Such linked intermediates must be resolved by further cleavage to generate the final two recombined products. Gel retardation has proved incisive in identifying enzymes from bacteriophages T4 and T7 and from E. coli which specifically recognize (and cleave) these four-way junctions with little or no preference for nucleotide sequence (36, 105, 106 ). Another common type of structure which can provide specific recognition properties consists of hairpins/loops generated in various mRNAs. Binding of a translational inhibitor to the iron-responsive element in rat transferrin mRNA was shown to depend primarily on the presence of a stem-loop structure and was little affected by base sequence (8) .
(iii) Sequence and structural elements can together play important roles in recognition. Thus binding of the human immunodeficiency virus trans-acting transcriptional activator, Tat, to the 5' end of the long terminal repeat transcript, TAR, was shown to require a bulge-bend within a duplex region as well as a uracil residue in the bulge and two specific base pairs in the adjacent duplex (34, 151) .
Genome scanning. The ability of gel retardation to select rare molecules from a large population has been applied to localizing specific binding sites within genomes. One major problem with this type of analysis is that the complexity of the DNA molecules could prevent the resolution of some retarded fragments since they might migrate with larger noncomplexed fragments. To overcome this problem, a simple two-dimensional gel electrophoresis method has been developed (15) . Restriction digests of complete genomes are first subjected to a normal gel retardation assay, and the retarded fragments are then resolved by electrophoresis in a second dimension under conditions (e.g., high temperature) which disrupt the complexes and allow the fragment to migrate according to its real size, ahead of the diagonal (Fig.  8) . This technique has been used to localize IHF-binding sites on bacteriophage Mu and X genomes and on the E. coli chromosome.
Analysis of Conformation Protein-induced bending was first proposed to explain the observation that the "eccentricity" of the binding site influences the migration of complexes between the activator protein CAP and the lac, mal, and gal operators (74, 153) (Fig. 3a and c) . Similar conclusions were also reached by modeling CAP-DNA interactions on the basis of CAP crystal structure (150) . The proposal has been confirmed independently for complexes in solution by the demonstration of enhanced ligase-catalyzed circularization (75) and by circular dichroism measurements (110) .
Permutation. The effect of eccentricity on relative migration offers a simple and general method of detecting proteininduced bending and of localizing the bending/binding site. This property was first analyzed systematically for CAP. A permuted set of DNA fragments was generated from a tandem dimer of a lac operator fragment by using a set of restriction sites found once in each monomer (Fig. 3b) . The CAP-binding site was therefore located at various distances from the ends of the molecules (153) . Measurements of the relative mobilities of complexes formed between these molecules and CAP demonstrated that the greatest migration effect occurred when the binding site was in the middle ( Fig.  3c and d) . The point of minimum relative mobility obtained by extrapolation yielded the position of the bend center, which could be resolved to within a few base pairs.
Specific vector plasmids have since been developed to facilitate this type of permutation analysis. They permit cloning of a single target sequence between tandem dimers of a series of defined and suitably spaced restriction sites (72, 111, 112) , thus obviating the dependence on restriction sites within the cloned fragment.
Phasing. Since migration of DNA is determined by endto-end distance, the apparent location of the bend center determined by permutation analysis will be sensitive to the presence of neighboring bends (85) . Rotation of one bend with respect to the other, by addition of short DNA segments, results in a sinusoidal variation of end-to-end distance with a periodicity of one helical turn (Fig. 4) . If two bends lie in the same plane and have the same direction (cis isomer) the end-to-end distance should be minimal and the effect on migration should be maximal. Curvature in opposing directions (trans isomer) increases the end-to-end distance, and the migration effect should be minimal.
The dependence of end-to-end distance, and therefore migration, on overall curvature can be exploited to determine the direction of bending at a given site with respect to a reference bend carried by the same DNA fragment. Two studies have addressed the A-tract-directed bend of k-DNA (see the section on how DNA migrates in gels, above). In one of these (159) the reference used was the CAP-induced bend in the lac operator, which had been inferred from extensive footprinting and modeling to occur into the minor groove toward the protein in the middle of its binding site. In the other, Salvo and Grindley (121) used the yb resolvaseinduced bend at the res site, which, on the basis of similar types of evidence, occurs into the major groove. Despite the different geometry induced by protein binding at these two sites, both sets of phasing results predicted that the k-DNA bends into the minor groove at the center of each A tract.
A recent analysis of the phasing phenomenon has exposed a potential problem in interpretation of this kind of result but has provided some clues to the way in which DNA may migrate within the gel matrix. Using a set of fragments containing two A6 tract-directed bends, Drak and Crothers (35) observed that the relative mobilities of bands phased at +2 and -2 bp from the trans isomer (Fig. 4a) were, respectively, higher and lower than expected. This difference increased with increasing gel concentration. As shown in Fig. 4a , the cis and trans isomers are both planar. When the two bends occur out of the plane, they create an overall twist on the molecule and generate either a left-handed (+2 bp) or a right-handed (-2 bp) superhelix. It was suggested that this superhelical twist on the molecule facilitates migration when it is in the same sense as the DNA helix (right handed) and impedes migration when it is in the opposite sense (left handed). This behavior may reflect a screwlike component to the motion of DNA through the gel. Since it is not known whether DNA carrying a bend-inducing protein has sufficient freedom to respond in the same way, the impact of this phenomenon on the determination of bend geometry derived from phasing experiments is not yet clear.
Angle. Many other proteins have been shown to induce curvature as judged by the permutation effect (147 Provided that precautions were taken to correct for the contributions of protein mass and intrinsic curvature to the mobility of the DNA carrying the binding site, and provided that the test fragments were of similar length to the standards and were within the range of 300 to 500 bp, a value of 50 to 560 was obtained for the EcoRI-induced bend angle. This result is consistent with predictions based on the structure of EcoRI-DNA cocrystals (95) .
An alternative way of analyzing these data arose from the observation that the relative mobility of curved DNA fragments, in which the bend occurs in the middle, can be described by the equation RL = cos(a12) (where a is the bend angle) for 8% polyacrylamide gels. The more general case in which the bend occurs at various distances from the end can be described by the equation
where h is the end-to-end distance and x is the fractional distance of the bend from one end. The bend angle can thus, in principle, be calculated directly. This approach is useful for moderate angles but yielded a value for CAP-induced bending of about 1400, in poor agreement with that later obtained from crystallographic data (90° [129] ).
A related method for determining protein-induced bend angles has been developed by Zinkel and Crothers (160) . In this case, a standard curve was generated by plotting the relative mobility against the square of the number of A6 tracts. This treatment was based on the quadratic relationship previously observed between these parameters (77) (see the section on how DNA migrates in gels, above). The relative mobility of the CAP-DNA complex was found to be equivalent to 5.6 A6 tracts and gave a CAP-induced bend angle of 1010, in better agreement with the angle obtained by Schultz et al. (129) .
The disparity between the two gel mobility-based determinations of the CAP bending angle was probably due to differences in phasing of the A6 tracts within the fragments used to generate the standard curves. Inappropriately phased A6 tracts result in nonplanar molecules whose endto-end distance is not a minimum. Consequently, relative mobilities deviate from those of equivalent planar molecules. This deviation increases with the number of A6 tracts and results in a higher mobility (higher RL value) than expected for a given angle of curvature. The angle of protein-induced bends determined from their RL values would thus be progressively overestimated with increasing angle. Bend angles estimated from standard fragments with phasing at 10.5 bp (160), close to the helix repeat, are expected to be more accurate than those estimated from fragments with phasing of 10 bp (145) .
In view of the apparent change in the mode of migration of strongly bent (>120°) DNA (see the section 1) it seems unlikely that gel retardation can be used to accurately measure large protein-induced bends such as those induced by IHF.
Bending and binding affinity. DNA bending must be associated with unstacking of neighboring base pairs. The affinity for a given binding protein which induces bending is therefore likely to depend not only on sequence-specific recognition but also on the ability of a given site to be deformed. The binding sites of several proteins are known to carry sequence-directed bends. For phage X, gel retardation was used to demonstrate that a sequence-directed bend found in the replication origin is essential for binding of the replication initiation protein (156 Another example concerns the Xenopus transcription factor TFIIIA, which has been shown to bind to its cognate site in low-salt buffers but does not induce significant bending (as judged by a permutation assay) under these conditions. Addition of salt (10 mM NaCl) to the electrophoresis buffer, however, uncovers a pronounced TFIIIA-induced bend (128) . This behavior has been attributed to the effect of salt on the flexibility of DNA (56) and to the relatively large recognition site of this zinc finger motif binding protein.
These and other results of gel retardation studies are generally consistent with the notion that, for proteins which bend DNA, the binding affinity and degree of bending are often closely linked. However, other explanations have been proposed to account for the relationship between binding affinity and apparent degree of bending (see below).
Sliding and protein redistribution. Intramolecular transfer of proteins from site to site on DNA is thought to play an important role in vivo. One way in which this may occur is by sliding along the DNA molecule (10) . Indeed, gel retardation has been used to demonstrate protein sliding in solution in the case of simian Ku protein (104) . Although this protein appears to require DNA ends for initial binding, subsequent cleavage of bound DNA fragments with a restriction enzyme indicated that internal DNA fragments are also retarded. This observation implies that the protein rapidly slides along the DNA with no preferential binding to specific sequences.
In principle, redistribution of protein molecules on a DNA fragment could occur within the gel during electrophoresis. Bending and binding affinity. The hypothetical partition of a single DNA-bending protein between specific and nonspecific sites is shown. The bottom panel illustrates relatively high specificity of binding to a centrally located site (left) and the expected position effect observed by permutation experiments (right). As specificity is reduced, partition of the protein over the entire DNA molecule is increased, and even though the protein might retain its bending activity, the resulting permutation curves would be expected to become increasingly flattened.
sively decrease the affinity of a site situated near an end (111) led to a concomitant gradual reduction in the mobility of the lower retarded bands (Fig. 9) . The interpretation of this behavior was based on the known effects of binding-site position on mobility: protein binding at a central site causes a relatively large reduction in mobility, whereas binding at terminal sites has a small effect (see the sections on how DNA migrates in gels and permutation, above). Hence, as the affinity of the terminal site is decreased, the protein spends a correspondingly higher fraction of its time at the higher-affinity central site, a position which, owing to induced bending, would contribute in a major way to overall retardation.
Additional evidence suggesting that protein is partitioned among sites during electrophoresis has been obtained from the analysis of mobilities of complexes formed between the closely related proteins IHF, HU, and TF1 (all of which induce target bending [111, 125, 137, 152] ) and various circularly permuted target molecules. Flattening of the permutation curve (reduced apparent bending) was observed in certain cases of nonspecific binding of these proteins. As shown in Fig. 10 , this is still compatible with sharp proteininduced bending and was interpreted as reflecting the (re) distribution of protomers among the many (nonspecific) "sites" on the fragment (125 basis of genetic evidence, to be involved in the control of expression of thegal, lac, deo, and ara operons (for reviews, see references 28 and 93) .
The use of gel retardation in confirming and physically analyzing these types of interaction is exemplified by the lac operon. Interaction of the tetrameric Lac repressor at low concentrations with a linear DNA fragment containing two operators was shown to generate a single highly retarded complex (80) . This resulted from simultaneous binding of a single repressor tetramer to both operators to form a loop, visible by electron microscopy (Fig. liC) . Raising the repressor concentration chased the loop complex into a fastermigrating species in which each operator was filled by a separate repressor molecule (Fig. liE) . The importance of the tetrameric form of the Lac repressor in this behavior was demonstrated by the finding that such looped structures are not generated with mutant repressor unable to form tetramers (102) .
Because the formation of loops involves similar interactions on both sides of the repressor tetramer, it should be sensitive to helix phasing between the operators. When the spacing between the two operators was varied in 1-bp steps, the loop band appeared cyclically with a periodicity of one helical turn (about 10.5 bp) (80) (Fig. llB and C) .
The potential of a protein to form loops can also be tested by determining whether it can act as an intermolecular bridge to link two fragments in a sandwich structure. Such structures are formed by Lac repressor with two operatorcarrying fragments (80) (Fig. liD) . By using two DNA fragments of unequal size, sandwich structures were readily identified in gel retardation experiments as bands intermediate in mobility between the bands formed with either fragment alone.
The biological effect of loop formation is to provide a greater degree of control by promoting cooperative transcriptional repression in vivo and is reflected in vitro in the formation of more stable repressor-operator complexes.
Looping between two sites by a protein can be promoted by a second protein binding to an intervening site. This behavior can also be analyzed by gel retardation. In the case of bacteriophage Mu repressor, two binding sites, 01 and 02, in the phage early operator region are separated by an IHF-binding site (60) . Although purified Mu repressor protects these sites from nuclease attack in solution, repressormediated retardation cannot be observed in standard TBE buffers (see the section on electrophoresis buffer composition, above). On the other hand, IHF generates a slowly migrating complex with this DNA, consistent with the characteristic IHF-induced bend. Addition of repressor to such complexes results in the appearance of bands which are further retarded and implies that the bend introduced by IHF stabilizes the binding of repressor to 01 and 02, presumably by promoting a repressor-dependent bridge between the two sites (2, 46).
Supercoil Binding
Intracellular DNA is in general topologically constrained into negative supercoils, a state which might be expected to influence protein-DNA interactions. Study of protein binding to supercoiled DNA should therefore yield information more relevant to in vivo conditions. Gel retardation is, however, more laborious with supercoiled than with linear DNA because of the restricted size range (under 600 bp) of closed-circular molecules which can enter a polyacrylamide gel and be resolved (67, 133) . Although attempts have been made to use mixed polyacrylamide-agarose gels to resolve protein complexes with larger molecules (plasmids of over 3 kb [60] ), this has met with only limited success. Circles of ideal size for detailed study are too small to be isolated as replicating plasmids and must be prepared either in vitro by ligation of linear fragments or in vivo by using vectors which permit circle formation by defined site-specific recombination reactions.
The first experiments reporting the use of closed-circular DNA in gel retardation assays were designed to detect binding of an antibody raised against left-handed Z-DNA (101) . DNA circles carrying different numbers of supercoils were prepared by ligation of approximately 350-bp 5'-endlabeled fragments in the presence of various concentrations of ethidium bromide. Anti-Z-DNA monoclonal antibody was observed to retard specifically those topoisomer circles which had sufficient torsion to generate a region of Z-DNA.
Moreover, the relative affinity for different topoisomers could be quantitated and provided an estimate of the effect of the level of supercoiling on the formation of Z-DNA.
The supercoil retardation technique has been applied to the study of the lac operon, and the results have underlined the importance of supercoiling in modulating protein-DNA interactions. Repressor-binding affinities for individual gelpurified topoisomers of a 452-bp fragment containing one or two ideal operators were found to increase with increasing negative supercoil density. Binding to circles containing one operator gave rise to a retarded complex. In contrast, circles containing two operators, and thus having the potential for loop formation, gave rise to two complexes of different mobilities. Some topoisomers generated a retarded complex, buffer. This increases the helix twist and can permit finer resolution. Negative supercoiling was found not only to stabilize the looped complex but also to change the optimal spacing required for loop formation between the two ideal lac operators from that observed for linear DNA fragments (79) .
This analysis has been extended to show looping with the natural lac operators, 01, 02, and 03 (37) , and has been used to demonstrate the formation and destruction of a repression loop in the ara control region (87) .
Measurement of the relative affinities of proteins for supercoiled substrates in these studies was based on titration of the supercoiled complex with added specific linear competitor DNA. In principle the relative affinity of a protein for supercoiled DNA can be determined by inverting the procedure and titrating complexes formed on a radioactively labeled linear DNA fragment by addition of known quantities of unlabeled supercoiled test DNA (see, for example, reference 107). In this case, there is no size limitation on the supercoiled DNA and the binding region of interest can be simply prepared in a suitable plasmid backbone.
Cell Extracts
Another powerful application of gel retardation is to define DNA-binding proteins from crude cell extracts and to serve as a means of monitoring their purification. Since crude extracts contain many sequence-specific and -nonspecific DNA-binding proteins, the use of sufficient unlabeled carrier DNA (see the section on elimination of nonspecific binding, above) together with the specific labeled target sequence can be critical. Nonspecific binding may also be diminished by reducing the length of the target molecule to the minimum necessary for full stability of the specific complex. The utility of crude extracts for gel retardation analysis was first demonstrated in defining a DNA-binding protein from African green monkey cell nuclei (142) , and the technique has been extended to cell-free extracts from yeasts (4) and bacteria (97, 157) .
Bacterial extracts may contain significant levels of DNase activity (mostly exonucleases) which can remove the radioactive label from end-labeled DNA probes. The problem can be overcome by using homogeneously labeled fragments generated by the polymerase chain reaction or end-labeled fragments including an a-phosphothioate moiety which is more resistant to 3',5'-exonuclease activity (82, 113) . Alternatively, provided that protein binding, unlike exonuclease activity, can occur in the absence of divalent cations such as Mg2+, EDTA can be added to the binding reaction. The nuclease problem can be further alleviated if the protein of interest is overproduced from a cloned gene, since smaller amounts of extract can then be used.
There are several advantages in using cell extracts. Perhaps the most obvious is that, with the use of cloned and overexpressed genes, many mutant derivatives of a protein can be analyzed efficiently. Moreover, by growing cells under different conditions before extract preparation, the dependence of the activity of endogenous proteins on the physiological state of the cells can be assessed directly (4) . Crude extracts also allow access to components of multiprotein complexes and, by use of mutants, can uncover a dependence of binding of one protein on the presence of others (see, for example, reference 46).
In addition to determining the protein components in given complexes (see the section on defining protein composition, above), it is possible to determine the protection pattern afforded by binding (see the section on footprinting, above) and to estimate the relative binding constants of a collection of mutated binding sites and hence to define the sequence determinants of binding (158) .
Analysis of Dynamic Processes
The applications of gel retardation described above have concerned relatively simple "static" protein-DNA interactions. The method also lends itself to analysis of sequential reactions which occur during gene expression. This is illustrated by studies on transcription initiation, where it has proved a sensitive method for analysis of ternary transcription complexes and may even discriminate between different polymerase-promoter conformations. It has also been applied to the dissection of elaborate processes such as RNA splicing.
Although such in vitro studies can provide extremely detailed information, it should always be borne in mind that conditions within the gel do not reflect those occurring in vivo, and therefore direct extrapolation to in vivo processes requires caution.
Ternary transcription complexes and in jello transcription. Chelm and Geiduschek (25) first used agarose gels to fractionate complexes composed of DNA and nascent [32P]RNA produced by E. coli or Bacillus subtilis RNA polymerase from a mixture of restriction fragments, thus providing a simple means of localizing promoters and mapping transcripts. By using polyacrylamide gels, which provide a greater degree of resolution, Straney and Crothers (139) were able to detect five polymerase-lacLW5 promoter complexes with distinct migration properties. When explored by additional analytical techniques such as DNase I footprinting, direct determination of protein content, and in situ transcription within the gel, these gel-fractionated complexes could be defined as the closed binary complex, two types of open complex, and, in the presence of ribonucleoside triphosphates, two initiated complexes.
The closed complex was observed only at low temperatures. The two open forms were observed at higher temperatures, were resistant to challenge by competitor DNA, and were in rapid equilibrium in solution. More significantly, they were both capable of directing transcription in situ within the gel when provided with the relevant substrates and gave rise to different products, in one case to abortive transcripts and in the other to full-length transcripts. This, together with the facts that the relative abundance of the open complexes was determined by temperature, that one species was preferentially eliminated by limited treatment of the DNA with dimethyl sulfate, and that both species exhibited a pattern of DNase I protection consistent with occupation of the promoter by a single polymerase molecule, suggested that they reflect different conformational forms. Gel fractionation was also used to determine the protein species present in each complex and, as expected, indicated that the open complexes contain 1, 1', a, and a whereas initiated complexes have shed thev subunit. Similar studies with the phage T7 Al promoter indicated that up to three core enzyme molecules could bind to (and retard) the 130-bp promoter-carrying fragment in a heparin-sensitive manner (59). Addition of v factor, however, resulted in a single VOL. 56, 1992 distinct mixture of RNA splicing intermediates, were contained in the original band. Subsequent denaturing gel analysis of complexes isolated from the gel showed that those formed at early times contained mostly pre-mRNA whereas those formed later contained predominantly intermediates and products of the splicing reaction.
OUTLOOK
We have attempted to give an outline of the impact of gel retardation on the study of protein-nucleic acid interactions with an emphasis on qualitative aspects. Although much of the discussion has centered on protein-DNA interactions, the technique is equally applicable to studying protein-RNA interactions. In view of the extensive use of the technique, it has proved impossible to cover all applications in detail. It appears to us, however, that the potential applications are far from being exhaustively explored.
One area which has yet to be fully exploited is the use of specific antibodies. Although these have been employed to enhance resolution of complexes and to determine protein composition, they may provide access to protein-protein interactions within multiprotein complexes and to changes in protein conformation which could occur on binding. Another underexplored area is that of binding to supercoiled DNA, a biologically more relevant substrate than linear DNA fragments. The development of vectors based on site-specific recombination systems such as bacteriophage P1 loax/cre (124) , phage integration and excision (99) , or transposable elements (108a) will permit the production of large quantities of small supercoiled molecules and so facilitate such studies. Finally, the development of new high-resolution agarose gel matrices (22) is likely to extend the use of the technique and may uncover structural and conformational changes which are not accessible with a polyacrylamide matrix.
